We have designed and implemented an optical-trapping configuration that uses near-infrared laser diodes. The highly divergent output beam of the diode laser was collimated by using only one aspheric compact disc lens. The resulting output beams are astigmatic and elliptic and have a flat, non-Gaussian intensity profile. Calculations and measurements were performed to investigate the influence of this profile on the trapping forces. The results show that use of a laser diode, collimated with a compact disc lens, provides a near-infrared light source that can be used for optical trapping. The light source is compact and relatively cheap and can be easily incorporated into an existing microscope.
Optical trapping provides a new way for micromanipulation of small objects like cells, as has been demonstrated by Ashkin et al. ' The use of such optical tweezers has the advantage that one can even manipulate within cells without damaging the cell membrane. 2 The light sources most often used for optical tweezers are Nd:YAG and argon-ion lasers. Recently, diode lasers have also been used 3 ' 4 to build a relatively compact micromanipulation system that can be easily incorporated into a microscope. 4 We investigated the possibility of using a singlemode 780-nm laser diode as a light source for optical trapping. The emitted light is still visible, which is easy for alignment and observation without an imaging system, while the absorption for both cells and surrounding aqueous solutions is negligible. 5 The output beam of the diode laser was collimated by using only one aspheric lens, which is also used in compact disc (CD) players. The resulting intensity profile is not Gaussian but more-or-less flat. The influence of the intensity profile on the trapping forces was calculated by using a geometrical-optics model described earlier. 6 The calculations show that this intensity profile could give rise to an increased stability in the direction of light propagation and a more limited trapping capacity in the direction orthogonal to it, as has been recently shown for apertured Gaussian TEMOO beams by Ashkin. 7 Measurements of the trapping forces along the beam axis on polystyrene spheres in a single-beam trap were performed to verify the calculations. Measurements of the maximum manipulation speed in the direction orthogonal to the beam axis were done for lymphocytes in a vertical double-beam trap.
The diode lasers used were 780-nm single-mode gain-guided GaAlAs diode lasers with a maximum output power of 40-50 mW (Sony SLD201). The two orthogonal divergence angles (EWHM) of the laser beam are typically approximately 280 (perpendicular to the active layer of the laser diode) and approximately 140 (parallel to the active layer). The beam is astigmatic, with the distance between the two beam waists IZij -Z, I typically 40 Am. The beams were collimated by using Philips CD lenses (f = 4.5 mm, N.A. = 0.45). These CD lenses are aspheric and specially designed to focus highly divergent laser beams. 8 A schematic drawing of the laser diode in combination with the CD lens is given in Fig. 1 . Because of the astigmatism, the laser beam cannot be collimated completely. The output beam after the lens is elliptic (diameters w 1 l 1.9 mm and w, 1 3.9 mm). The intensity profiles in the two orthogonal directions, shown in Fig. 2 , are not Gaussian, but more flat-top shaped. A more Gaussian profile can be obtained by placing a diaphragm between the laser diode and the CD lens, but this greatly reduces the intensity of the beam and is therefore undesirable.
A geometrical-optics model, described earlier, 6 was used to calculate the forces that are exerted by a focused Gaussian laser beam on a trapped particle. The influence of the non-Gaussian intensity profile of the laser beams was investigated by calculating the forces that would be exerted by a beam with a Gaussian propagation but with a flat-top intensity profile. The intensity profile of the collimated diode laser is somewhat in between a Gaussian and a flattop profile. 
CD lens
Ed diode laser The trapping forces were measured by using both a vertical single-beam gravity trap and a vertical double-beam trap (using two diode lasers). A schematic of the configuration used is shown in Fig. 3 . The collimated diode laser light was focused to a spot with a radius of 1.5 /,m (r 1 l) by using a Leitz 32X, 0.40-N.A. objective (Leitz GmbH, Wetzlar, Germany). The spheres were suspended in distilled water and contained in a quartz cuvette (Hellma GmbH, MUllheim, Germany). The cuvette can be positioned by using encoder stepper mikes (Model 18011, Oriel Corporation, Stratford, Connecticut).
The position of the particles inside the cuvette was monitored with a Panasonic F10 CCD camera (Matsushita Electronics). The size of the image on the monitor was calibrated with a microscope calibration target and the stepper mikes (resolution < 0.5 p.m) so that the position of the spheres relative to the focus could be measured. Measurements were recorded with an S-VHS video recorder (JVC HR-S5000E).
The power of the laser light inside the cuvette was calculated by measuring at points in front of and behind the cuvette with a power monitor (Newport Model 835, Fountain Valley, California) and correcting for the losses at the transitions.
Polystyrene spheres with a mean diameter of The maximum possible error in the measurement of Fz when using this method is estimated to be 10%. Human lymphocytes were used to determine the maximum micromanipulation speed vma, in the direction orthogonal to the beam axis. When moving, the friction (Stokes) force is in equilibrium with the force Fy(z,y) that the light exerts on the particle in the direction toward the beam axis, and the force Fz(z,y) is in equilibrium with the gravity force FG.
Therefore, the conditions for attaining the maximum speed are given by (1) where 77 is the viscosity of water (10-3 N s m-2 ) and r is the radius of the particle. The maximum error in the measurement of vma. is estimated to be 30%. In order to investigate the forces along the beam axis, both calculations and measurements were performed by using homogeneous polystyrene spheres with a diameter of 9.6 /%m. In Fig. 4 the calculated and the measured forces are shown. Calculations were performed for both a Gaussian and a flat-top intensity profile of (1-W) incident laser light. The figure shows that the flat-top profile theoretically gives rise to an increased stability in the direction of propagation of light. The measured forces are somewhat higher than the calculated ones but show the same dependence on the distance to the focus. In order to determine the theoretical maximum manipulation speed, we calculated the forces in a vertical double-beam optical trap for both Gaussian and flat-top intensity profiles. The focus of the upward Earlier experiments (with r = 3.75 ,.m and A = 488 nm) showed the same tendencies. 6 Figure 4 shows that a flat-top intensity profile gives rise to increased maximum forces and an increased stability (determined by the slope of the stable region) in the direction of propagation of light. The influence of the non-Gaussian intensity profile on the trapping force could not be measured; the difference between the two theoretical models is small compared with the difference between the theory and the measurements.
The measurements of the manipulation speed orthogonal to the beam axis in a double-beam trap are somewhat lower than the calculated maximum speed. Apart from the fact that the model is also not valid in this case, it must be noted that the measurements of the maximum speed (and thus Fy) are limited by the fact that the encoder mikes that were used do not accelerate slowly but impose the preset velocity on the particle immediately. The initial acceleration imposes another force on the particle. This is especially critical in case one wants to measure the maximum Fy force, because then there is no equilibrium in the beginning, which may cause the cell to slip out of the force field of the beam. Therefore the maximum practical manipulation speed will always be lower than the calculated speed. From Fig. 5 it can be seen that if the beginning acceleration is too high, the cell exceeds y = 1.5 and the resulting Fy forces will be smaller, i.e., 2.5 X 10-12 N for the Gaussian intensity profile and 1.5 X 10-12 N for the flat-top profile. The corresponding manipulation speeds are 38 and 22 /,tm/s for the Gaussian and the flat-top profiles, respectively. These speeds are in much better agreement with the experimentally determined maximum manipulation speeds.
In conclusion, the output beams of 780-nm laser diodes, collimated only with a CD lens, can be used for optical trapping. The experimentally determined forces are in reasonable agreement with the calculations, using a geometrical-optics model. Differences between calculations and measurements are probably due to the limited validity of the geometrical model for the experimental conditions. From the measurements it cannot be concluded which of the two intensity profiles is the best description for the actual profile.
